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Abstract 
We describe a novel method to extract magnetic particles from plugs in plug-based microfluidic devices. In general, the 
extraction of particles from plugs is difficult as the high surface energy of an aqueous phase dispersed in a non-polar carrier 
liquid usually prevents the penetration of particles through this interface. Key to our approach is to achieve particle extraction by 
generating channel surface consisting of a hydrophilic patch in a hydrophobic surrounding: The interfaces of plugs contacting 
this patch, merge with the patch-interface enabling easy extraction. This approach lowers the limit of the concentration of 
particles, which can be still successfully extracted by more than three orders of magnitude compared to the state of the art. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
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1. Introduction 
Plug-based microfluidic devices represent a fast and simple and thus attractive platform for biological applications 
ranging from protein crystallization to bioassays. [1] In this field of application aqueous plugs are generated in an 
oil-or fluorocarbon based carrier fluid. The plugs function thus as small nanoconta0iners in which (bio-)chemical 
reactions can be performed. The volumes of these plugs are typically only a few nanoliters and therefore all mixing 
processes are very fast due to the small dimension of the devices and huge numbers of biochemical reactions can be 
performed in very short time intervals. [2] 
The wide interest in this area has led to numerous developments enabling i.e. precise control of droplet volumes and 
their manipulation like sorting, coalescence, mixing and splitting. [1] An interesting aspect has been to perform 
biological assay reactions at the surfaces of magnetic beads and then separate the bead from the medium by 
magnetofection. Yet, the extraction of particles out of those plugs remains challenging.  
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Extraction, however, becomes crucial when biological assays are performed, as all assays require washing steps, 
which cannot be conducted easily, when extraction is not possible. [2] 
The main issue in this respect is the high interfacial energy of the plug.  
For such magnetically induced separation processes two opposing forces need to be considered: the magnetic force 
which drives the particles out of the plug and the capillary force which keeps the particles inside. In the present 
microfluidic conditions high particle concentrations are necessary to let the magnetic force become predominant. 
(Fig. 1-a) State of the art designs address this issue, by breaking the plug interface with a co-flowing stream. 
However, the compartmentalization which is one key idea of plug-based microfluidics is lost with those approaches. 
[2, 3] 
 
 
Fig. 1. (a) plot of the calculated magnetic force (red) and capillary force (blue). Extraction of particles in conventional devices is only possible, 
when the magnetic forces dominate. (b) Schematic depiction of the novel extraction principle: a hydrophilic patch is wetted by the aqueous plugs. 
As the interface surrounding the plug is partially removed, this enables easy particle extraction: the Nd2Fe14B-magnet keeps the magnetic 
particles at the hydrophilic patch, whereas the non-magnetic supernatant is washed away. 
We suggest a design, with a hydrophilic patch in a hydrophobic channel. (Fig. 1b) The hydrophilic patch is easily 
wetted by the aqueous plug and thereby eliminates the interface, so that the particles can be attracted to the surface 
of the patch.  
2. Chip Fabrication 
The fluidic chip consists of polydimethyl siloxane (PDMS) containing rectangular trenches (100 μm height, 300 μm 
width) formed in a standard lithography process. This substrate is covered with a lid containing a specific surface 
patterning.  
 
 
Fig. 2. (a) Generating the surface pattern on the glass slide: 1.) Flood-Exposure of PDMAA co. 2 % MABP layer (blue), 2.) Crosslinking PFA 
(red) to the PDMAA network, 3.) final surface pattern after washing. (b) Assembled fluidic chip with patterned glass slide and PDMS component 
(light grey) sealed together with screws and two press plates. 
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This pattern is generated on a glass slide by a brief flood-exposure (500 mJ/cm², 250 nm) of a spincast hydrophilic 
copolymer consisting of polydimethyl acrylamide which containes the photoreactive crosslinker benzophenone 
(PDMAA co. 2% MABP; Fig. 2a -1.). This leads to crosslinking of the film through C,H insertion. A hydrophobic 
polymer poly-heptafluorodecylacrylate (PFA) is spincast on top of the hydrophilic layer and patterned (Fig. 2a -2.) 
through light in a second exposure (4 J/cm², λ=250 nm) using a mask. MAPB moieties in the PDMAA-layer, which 
did not react in the first brief exposure step, now bind to the PFA-chains at the interface of the two polymer layers. 
Washing with a good solvent for PFA, removes the non bound PFA chains, leading to a hydrophobic, polymeric 
monolayer of PFA that covers the hydrophilic PDMAA polymer network (Fig. 2a -3.). A tight seal between the 
PDMS-trenches and the patterned glass slide is achieved applying a strong mechanical pressure (Fig. 2b). Contact 
angles as a measure of the surface polarity of the polymers used for the surface patterning of the glass slide are listed 
in table 1. These contact angles were measured using an OCA20 measurement system (Dataphysics GmbH, 
Germany). The static contact angle was measured with a volume of 3 μl. The advancing and receding contact angles 
were recorded during adding/withdrawing water at a rate of 0.5 μL/s by a built-in syringe pump. 
Table 1: Polymers used in the study with the respective solvents and water contact angles: CA as the static contact angle, ACA as 
the advancing contact angle and RCA as the receding contact angle. 
Polymer Solvent CA [°] ACA [°] RCA [°] 
poly(dimethylacryl amide) PDMAA 1-ButOH (C4H10O) 32 35 15 
poly(heptadecafluoro decyl acrylate) PFA Freon (C2H3Cl3) 118 122 109 
 
3. Experimental Setup 
Deionized water containing - depending on the experiment - various amounts of superparamgnetic, fluorescent 
microbeads (screenMAG-Silanol-R, chemicell, Germany) was dispensed in silicone oil (Silicone oil, Sigma-Aldrich, 
US) at a T-Junction on the fluidic chip. The oil phase had a flowrate of 10 μl/min and the aqueous phase of 2 μl/min. 
In each experiment 10 μl of the aqueous phase were used. A Nd2Fe14B-magnet (W-03-N, Webcraft, Germany) was 
placed beneath the hydrophilic patch. 
4. Results 
First studies show that plugs, which pass the hydrophilic patch, as schematically depicted in Fig. 1b, open up their 
interface and wet the hydrophilic patch. As a result a strong slowing down of the plug movement and an 
accompanying strong deformation – up to 25 % of the plug shape - can be observed.  
 
 
Fig. 3. (a) Microgaphs of a regular plug and a plug, which is pinned at a 600 μm patch. (b) fluorescent micrographs of the extraction area.  
The flow direction is from the left to the right, at flow rates of 3 μl/min for the aqueous solution and 5 μl/min for the oil-based solution. 
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The hydrophilic patch pins the contact line at the end of the plug, whereas the fluidic drag drives the rest of the plug 
down the channel, leading to a strong plug deformation (Fig. 3a). This opening of the plug-interface is vital for 
enabling efficient extraction of particles below the critical concentration as depicted in Fig. 1b. 
It is shown that extractions of the microbeads could be successfully performed at concentrations as low as 1 μg/ml. 
In Fig. 3b fluorescent micrographs of the extraction area are shown where the microbeads can be seen as strongly 
fluorescent objects. A concentration of 100 μg/ml leads to an almost complete coverage of the hydrophilic stripe by 
the microbeads, whereas, for the lower concentrations, the microbeads settle mainly at the corners of the extraction 
area. We believe this accumulation is due to the shear stresses, which are lower in the corners than in the center of 
the extraction area. Control experiments prove that only a combination of the hydrophilic patch and the magnet 
below the patch enable extraction in these low concentration ranges. In the absence of the hydrophilic patch or the 
magnet, no extraction is observed.  
In a further set of experiments the effect of the width of the patch along the channel is investigated. In these 
experiments the extraction efficiency was determined as a function of patch width, which was varied between 75 and 
600 μm while the particle concentration was kept at 100 μg/ml (Fig. 4). The extraction efficiency is defined as the 
ratio between the value of the actually extracted particles and the value of the particles that were in total deployed in 
the experiment, It is obtained by analyzing the integral intensity of the fluorescent micrographs at the extraction area. 
The total number of deployed particles was determined by letting the total plug volume dry out on the hydrophilic 
patch and then perform the fluorescent read out. As a result an extraction efficiency of almost 80 % was observed for 
a patch width of 600 μm. Reducing the patch width results in lower extraction efficiencies. This is most probably 
due to the fact that the wider the pitch the longer the contact time. With a longer patch width, the magnetic particles 
have more time to leave the plug through the open interface.  
Fig. 4. Fraction of extracted particles plotted against the width of the hydrophilic patch. Smaller patch widths lead to a lower extraction 
efficiency. 
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